Anti-reflective (AR) single layer of silica-titania (SiO 2 -TiO 2 ) coatings were obtained from sols containing pyromellitic dianhydride (PMDA) derivatives and Ti and Si precursors on glass substrate by dip-coating method. The coatings showed very high optical quality and the transmission was improved to up to 98.5%. Furthermore, the coatings also presented good mechanical stability.
Introduction
Anti-reflective coatings (ARCs) are of huge interest in particular for solar cell producers in order to avoid loss of sunlight (energy) due to reflections on untreated glass [1] - [9] . These coatings can be produced by different techniques as physical or chemical vapor deposition (PVD and CVD, respectively) and sol-gel methods. However, the vacuum facilities associated with the first two methods lead to immense production costs, especially when large substrates areas are used. To avoid this, a wet chemical method like sol-gel is used as cost-effective method to produce ARCs.
In general, high quality ARCs are produced by multilayers coating technique, but this is a time-consuming and costly method especially because of thermal curing process. In this context, single layer ARCs obtained by sol-gel method emerge as a technically viable and economically advantageous alternative since these films present broadband transmission, which is needed for solar spectrum; can be produced in large amounts and can be applied to a large area of the substrate by using industrial scale technology. Due to these reasons, it has been shown in the last decades that industries prefer a single layer ARC when large areas of substrate and large consume are involved, like in solar cell companies.
The usual way to generate a single layer ARC on a glass substrate is producing a porous SiO 2 layer by sol-gel method using polymers as porogen [1] [4] [10]- [13] . The porosity (air) of the layer reduces the refractive index from 1.5 for normal float glass to a region of 1.1 -1.45, depending on the fraction of porosity and the techniques of preparation of SiO 2 matrix.
For the use of an ARC on solar cells, a self cleaning ability as second property is also important. For this purpose TiO 2 has been proven to be a very suitable material, and to overcome its drawback of a high refractive index, again the porosity of the coating plays an important role [3] [5] [6] [8] [14] .
Although porosity is responsible for the optical properties of AR coating, the presence of pores usually implies low mechanical stability, which can be perceived, for example, in the poor adhesion of the films to the substrate and poor scratch resistance [1] [15] .
Herein, a novel method is presented to obtain porous single layer ARCs of SiO 2 -TiO 2 with good mechanical properties and photocatalytic activity by using Ti and Si precursors and acid or diacids/diesters pyromellitic dianhydride (PMDA) derivatives as scaffold for cavities formation in the final structure of the SiO 2 -TiO 2 coating.
Experimental

Preparation of Ti Precursor (Solution A)
TiCl 4 (6.67 ml) was carefully added to ultrapure water (25.0 ml) at 5˚C and stirred for 30 minutes until the obtention of a clear and colorless solution.
Preparation of Sols
Sol 1. PMDA (2.73 g, 12.5 mmol) and ultrapure water (225 mg, 12.5 mmol) were added to a solution of isopropanol/n-butanol (iPrOH/n-BuOH, 50.0 ml, 1:1 v/v) and stirred for 48 hours at room temperature. In such conditions, the PMDA may undergo nucleophilic ring opening reactions. Then, an aliquot of the obtained solution (5.00 ml), TEOS (1.30 g, 6.25 mmol) and an aliquot of solution A (0.16 ml) were added under stirring and in this order to a solution of iPrOH/n-BuOH (25.0 ml, 1:1 v/v). The mixture was stirred at room temperature for 6 hours. Sol 2. PMDA (2.18 g, 10.0 mmol) and ultrapure water (0.36 g, 20.0 mmol) were added to THF (22.5 ml) and stirred for 48 hours at room temperature, then an aliquot of this solution (2.82 g), TEOS (1.30 g, 6.25 mmol) and an aliquot of solution A (0.16 ml) were added under stirring and in this order to a solution of iPrOH/n-BuOH (25.0 ml, 1:1 v/v) and the mixture was stirred at room temperature for 6 hours.
Preparation of ARC-1 and ARC-2
ARC-1 and ARC-2 (from the sols 1 and 2, respectively) were prepared by dip-coating deposition method onto microscope glass slides at the withdrawal speeds of 4 mm/s and thermally treated at 500˚C for 2 hours in air.
Results and Discussion
For all AR-coated substrates, the anti-reflective effect was obvious by visual inspection and the excellent optical properties of the obtained coatings are confirmed by optical transmission and reflection measurements (Figure 1 and Figure 2 , respectively) performed by using a Cary 5000 UV-Vis-NIR Spectrophotometer (Agilent Technologies). In the visible range of light a significant improvement of up to 7.7% for the transmission was observed and the reflection could be reduced to less than 2%. ARC-1 deserves special attention, since it showed a peak transmission of up to 98% and reflection lower than 2%.
The thicknesses and refractive indices (at 547 nm) of ARC-1 and ARC-2 were determined with an M-2000 DI, Spectroscopic Ellipsometer (J. A. Woollam Co., Inc.). The thicknesses of ARC-1 and ARC-2 were equal to 72 and 88 nm, respectively, and their correspondent refractive indices were equal to 1.3258 and 1.4090. Thus, in spite of the incorporation of TiO 2 within ARC-1 and ARC-2, their refractive indices were reduced to values less than the ones of glass.
The morphology and microstructure of ARC-1 and ARC-2 were accomplished by using a JEOL 7500F High Resolution Scanning Electron Microscope (HRSEM) and their micrographs of top views at low (10,000×) and high (50,000×) magnification are shown in Figure 3 . ARC-1 HRSEM micrographs (Figure 3(a) and Figure  3(b) ) indicated a high porous microstructure and pore sizes between 50 to 200 nm. For ARC-2, the HRSEM micrographs (Figure 3(c) and Figure 3(d) ) demonstrated that it was less porous than ARC-1 and that their pore sizes were between 100 -200 nm, but it seems that the pores joint each other locally to produce a crack-like microstructure.
In order to investigate their mechanical stability, specifically their scratch resistances (or hardnesses) and their adhesions to the glass substrates, ARC-1 and ARC-2 were submitted to standard tests, namely Pencil Test ASTM D3363-05) [16] and Tape Test (ASTM 3359 Method B) [17] respectively. For ARC-1, the hardness was equal to 1H (Figure 4(a) ) and for ARC-2, the determined hardnesses was equal to 8H (Figure 4(b) ), which is the second highest rating on pencil hardness grade. The adhesion test showed that the coatings interact very well with the glass surface and no cracks propagate from the testing lines into the films (Figure 5(a) and Figure  5 (this means 100% adhesion by crosshatch and 100% adhesion after tape test on the crosshatched test area) was observed for ARC-2 and a value of 4 was obtained for ARC-1. Since generally, for porous films, transmittance and scratch resistance play against each other, these results can confirm that ARC-1 include higher fraction of porosity than ARC-2. However, ARC-1 and ARC-2 showed comparable or even higher transmittance values and also higher scratch resistances and adhesions ratings in comparison to others single layer ARCs found in literature [1] [15] [18] [19] , which suggests that ARC-1 and ARC-2 are more efficient when it is necessary to combine anti-reflective properties and mechanical stability, demonstrating the pertinence of the proposed method.
Moreover, it was verified that films prepared by the presented method also showed photocatalytic activity against methyl violet. After 10 hours of irradiation by using a simulated sunlight irradiator, it was verified a photodegradation efficiency up to 97%.
Conclusions
ARC-1 and ARC-2 showed significant improvement for transmittance and also high adhesion and scratch resistance as well as photocatalytic activity. The use of organic ligand such as carboxylic acids or diacids/diesters opens a wide range of possibilities for the formation of ARCs and tailoring the pore sizes with different organic ligands seems to be a potential way to achieve defined pore sizes in the final coating.
